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We show the emergence of fractional quantum Hall states in graphene grown by chemical de-
position (CVD) for magnetic fields from below 3 T to 35 T where the CVD-graphene was dry-
transferred. Effective composite-fermion filling factors up to ν∗ = 4 are visible and higher order
composite-fermion states (with four flux quanta attached) start to emerge at the highest fields. Our
results show that the quantum mobility of CVD-grown graphene is comparable to that of exfoliated
graphene and, more specifically, that the p/3 fractional quantum Hall states have energy gaps of
up to 30 K, well comparable to those observed in other silicon-gated devices based on exfoliated
graphene.
Recent progress in device fabrication of graphene-
based heterostructures allows for the observation of an
increasing number of composite-fermion (CF) states in
graphene1–5. The emergence and the level of manifes-
tation of these states can be regarded as an ultimate
proof of device quality in terms of quantum mobility, ho-
mogeniety and low residual impurities. Until present, the
observation of such interaction-driven many-body states
has been limited to devices based on mechanically exfo-
liated graphene whereas it has been the subject of dis-
cussion whether chemical vapor deposition (CVD) could
yield graphene hosting CF states at all.
Dry-transferred CVD-grown graphene has already
been demonstrated to be able to compete with the trans-
port properties of highest-quality exfoliated devices with
average carrier mobilities exceeding 100,000 cm2/(Vs),
mean free paths of up to 28 µm and well-developed inte-
ger quantum Hall states at moderate magnetic fields6–9.
Since these devices are only limited in size by the two-
dimensional (2D) materials used for the dry pick-up10,
as well as limitations of the copper growth substrates,
they might open the door to large area high-quality de-
vices enabling even better understanding of the physics
of correlated electron systems resulting in CF states in
graphene. It is therefore of great importance to estab-
lish whether the already high carrier mobilities observed
in CVD graphene6,7,11 also translates into sufficiently
low residual charge carrier fluctuations, high enough ho-
mogenieties and quantum mobilities allowing for the clear
emergence of correlation-induced states.
Here we show how to fabricate and characterize dry-
transferred CVD grown graphene heterostructures that
show fractional quantum Hall states comparable to ex-
foliated graphene devices. The activation gaps extracted
from these experiments are in good agreement with re-
ported values for silicon-gate based samples and promise
even richer CF state spectra when using latest generation
of graphitic gating technologies as well as macroscopic de-
vices promised by a CVD graphene based technology12.
Graphene is grown using low-pressure chemical vapor
deposition on the inside of copper foil enclosures11,13–15.
The Cu foils are heated up to 1035◦C within 45 minutes
and are further annealed at this temperature for another
15 minutes under a constant flow of 15 sccm H2 gas.
This is followed by a 3 hour growth step under a flow of
a H2/CH4 mixture (45/5 sccm) at the very same tem-
perature. Afterwards the oven is switched off and the lid
of the furnace is opened up for a rapid cool-down keep-
ing the same gas mixture flow as before. This process
yields large isolated single-layer graphene flakes with lat-
eral sizes of several hundred micrometers, depending only
on the growth time6. After growth, we store the cut and
unfolded Cu foils in a water-saturated air atmosphere
(>99% relative humidity) at a temperature of 30◦C for
two days. This accelerates the water-mediated oxidation
process of the copper surface at the graphene/copper in-
terface16 and is of crucial importance to weaken the van
der Waals adhesion forces between the graphene and the
copper surface16.
Fig. 1(a) shows an optical image of a CVD-
grown graphene crystal with a partially oxidized
graphene/copper interface. The water intercalation and
oxidation process can be monitored by confocal Raman
spectroscopy when using a laser excitation wavelength of
457 nm (blue), see Fig. 1(c). We note that a Raman laser
excitation wavelength of 532 nm (green) cannot be used
to characterize graphene on copper as it creates a broad
photoluminesence (PL) emission peak from the underly-
ing Cu, which dominates the emission spectrum17. When
using the shorter excitation wavelength, the PL emission
from the Cu is shifted to larger wavenumbers thereby al-
lowing to analyze all relevant Raman peaks up to 3000
cm−1. Raman spectra recorded at the oxidized and non-
oxidized areas (black and red spectra in Fig. 1(c), high-
lighted by color matching circles in Fig. 1(a)) show both
the characteristic graphene Raman G- and 2D-peaks at
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Figure 1. Device fabrication (a) Optical image of CVD-grown graphene (Gr) crystals on a Cu foil after a partially oxidized
Cu/Gr interface. Scale bar is 25 µm. (b) Schematic illustration of the mechanical delamination process. (c) Raman spectra
recorded with two different laser excitation wavelengths (457 nm and 532 nm, see color legend) at the locations highlighted by
color matching circles (red and black) on the partially oxidized/non-oxidized copper/graphene areas shown in panel (a) and on
the final hBN/CVD-Gr/hBN heterostructure in (see blue and green circle in panel (d)). The spectra are shifted by constant
offsets in intensity for comparability (see colored thicks on the right axis) and the black dashed spectrum is a scaled-down
version of the black spectrum. (d) Optical image of a finished hBN/CVD-Gr/hBN heterostructure (acale bar is 5 µm). (e)
Raman map showing the 2D line width Γ2D of the graphene layer encapsulated in the heterostructure shown in panel (d). Scale
bar is 5 µm. (f) Optical image of the etched and contacted hBN/CVD-Gr/hBN Hall bar structure (scale bar is 10 µm).
ωG = 1582 cm
−1 and ω2D = 2720 cm−118. The absence
of the defect-related D-peak around 1340 cm−1 in the
sepctra indicates that the graphene is grown defect-free19
and remains virtually undamaged by the oxidation pro-
cess. In further comparison of the two spectra, we denote
the emergence of a variety of intense peaks visible in the
left part of the black spectrum. These peaks can be at-
tributed to Raman-active modes of various copper oxides
formed at the graphene/copper interface16,20, where the
three most prominent peaks are due to cupric oxide CuO
(500 cm−1), cuprous oxide Cu2O (640 cm−1) and copper
hydroxide Cu(OH)2 (800 cm
−1) and the less prominent
peaks (422 cm−1, 1284 cm−1) are overtones of the Cu2O
mode. All these peaks are absent in the red spectrum,
which has been taken at a spot where the Cu surface is
not yet oxidized.
As the oxidation process proceeds with time and the
oxide layer underneath the graphene grows in thickness,
the intensity of these peaks relative to the graphene
modes rises. The oxidation process in water saturated
air essentially works by the functionalization of the
graphene edge by water molecules forming oxygen con-
taining groups like hydroxyl, which in recombination al-
low the formation of Cu2O
16. This mechanism allows
an advanced quantification of the oxidation status of
the graphene/copper interface in addition to microscope
imaging as the relative intensity of the Cu2O peaks rise
with ongoing oxidation. As illustrated in Fig. 1(b), the
graphene crystal can be delaminated from the copper ox-
ide by means of a dry transfer technique using a soft
stamp based on hBN6 or other 2D materials10.
In this work, the graphene was delaminated from the
Cu foil using an exfoliated hexagonal boron nitride (hBN)
crystal placed on top of a polymethyl-methacrylate
(PMMA) and polyvinyl-alcohol (PVA) stamp, that it-
self is fixed on a small block of polydimethylsilox-
ane (PDMS). Subsequently, the graphene/hBN stack is
placed on a second hBN crystal that was previously exfo-
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Figure 2. Low temperature magneto-transport measurements (a) Four terminal resistance Rxx as function of back
gate voltage VBG at a temperature of 220 K (red) and 4.2 K (black). (b) The inverse four terminal resistance 1/Rxx as function
of the charge carrier density n. The intercept of two lines following the regimes of constant slope provides an estimate of the
residual charge carrier fluctuations n∗ = 5 × 109 cm−2. (c) Charge carrier mobility µ as function of charge carrier density n.
(d) Transconductivity σxy as function of back gate voltage VBG at a perpendicular magnetic field of B = 2.5 T (T = 1.8 K).
(e) Landau fan diagram. Differential transconductivity dσxy/dν as function of filling factor ν and magnetic field B recorded
at T = 1.8 K.
liated onto a Si++/SiO2 substrate. The PDMS block was
peeled off and the PVA and PMMA layers were dissolved
in hot water (95◦C) and acetone, respectively. Fig. 1(d)
shows an optical image of one of the final hBN/CVD-
Gr/hBN heterostructures used in this work6.
Again we used confocal Raman spectroscopy to char-
acterize the structural quality of the heterostructures.
In Fig. 1(c) we show representative Raman spectra of
the sandwich shown in Fig. 1(d) recorded with λ =
457 nm (blue spectrum) and, for comparison, at the
same location, with λ = 532 nm (green spectrum). The
spectra exhibit the characteristic Raman hBN-peak at
ωhBN = 1366 cm
−1 as well as the Raman G- and 2D-
peaks of graphene18,19,21,22. The low frequency copper-
oxide peaks have disappeared entirely and the D-peak
remains absent within the entire heterostructure (note
that the appearing Si-peaks are all well understood23).
This highlights the contamination-free and non-invasive
nature of our dry transfer process. A difference of around
20 cm−1 in the 2D-peak position ω2D recorded with the
blue and green laser, respectively, can be explained by
the energy-dispersive nature of the 2D-peak24.
Since the overall Raman intensity yield from the green
laser excitation is much higher than the intensity ob-
tained from the blue laser and to allow a comparison
with previous works, we perform further examinations
with the green laser only. The 2D-peak exhibits a nar-
row full-width-at-half-maximum (FWHM) of 17 cm−1.
This value is comparable to other reported high mo-
bility samples obtained from both exfoliated and CVD-
grown graphene6,7,25. The positions of the Raman G-
and 2D-peaks around ωG = 1582 cm
−1 and ω2D =
2680 cm−1 point to an overall low doping concentra-
tion of the graphene26. Fig. 1(e) shows a spatial map
of the line width of the 2D peak, Γ2D, of the hBN/CVD-
Gr/hBN heterostructures shown in Fig. 1(d). Γ2D is
the lowest at regions where the graphene is fully encap-
sulated in hBN with values around 17 cm−1 indicating
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Figure 3. High magnetic field measurements (a) Transconductivity σxy and resistance Rxx as function of magnetic field
B. (b),(c) Transconductivity σxy and longitudinal conductivity σxx as function of filling factor ν at a fixed magnetic field of
B = 35 T. States with filling factors being integer multiples of 1
3
, 1
5
and 1
7
are highlighted in red, blue and green for better
visibility.
very small nanometer-scale strain variations over the en-
tire graphene layer27,28.
Areas with the lowest mean Raman 2D line width val-
ues are considered for devices. Electron beam lithog-
raphy as well as SF6-based reactive ion etching (RIE)
were employed to fabricate Hall-bar-shaped structures
with a channel of 2.3 µm in width and 4 µm in length.
The Hall-bar structures were then covered by an addi-
tional hBN crystal to protect the devices from additional
contaminations and quality degradation over time. A
second RIE step and metal evaporation were performed
to create one dimensional Cr/Au (5 nm/95 nm) con-
tacts. An optical image of the final device is shown in
Fig. 1(f). For electrostatic gating, we use the highly
p-doped silicon at the back side of the substrate that
is covered by a 300 nm thick silicon oxide layer, where
the contacted sandwich structure is resting on. Taking
the thickness of the bottom hBN crystal into account
this leads to a back gate (BG) capacitance per area A
of CBG/A = ε0εr/e(dSi + dhBN) ≈ 6.4 × 1010 cm−2/V,
where ε0 is the dielectric constant, εr ≈ 4 is the relative
permittivity of hBN and SiO2, e is the electron charge
and dSi = 300 nm and dhBN = 45 nm are the thicknesses
of the hBN crystal and the SiO2 layer.
Transport measurements were performed in a pumped
4He cryostat system with a base temperature of 1.8 K (B-
fields up to 9 T) and in a 3He cryostat system with a base
temperature of 300 mK (B-fields up to 35 T). We used
standard lock-in techniques to measure the four-terminal
resistance as well as the Hall voltage for extracting the
Hall conductivity.
When cooled down to 4.2 K the device showed a low
overall doping (n = 5 × 109 cm−2, with the charge-
neutrality point (CNP) situated close to zero gate volt-
age, VCNP = −0.8 V) and low residual charge carrier
inhomogeneities of n∗ = 5 × 109 cm−2, see Figs. 2(a)
and (b). These findings are in good agreement with
spatially resolved confocal Raman measurements on the
heterostructure as well as with earlier works on dry-
transferred CVD graphene6,7.
Fig. 2(c) shows the charge carrier mobility µ as func-
tion of charge carrier density n for two different tem-
peratures extracted using the Drude formula σ = neµ,
where σ is the electrical conductivity and e is the elec-
tron charge. Close to the CNP, the mobility at 4.2 K
increases to values around 350,000 and 400,000 m2/(Vs)
and around 250,000 cm2/(Vs) at 220 K. In agreement
with earlier work12, we observe a slight discrepancy in
quality for the two carrier types and will therefore only
focus on the electron governed regime for the remainder
of this work.
After having demonstrated the high electronic quality
of the device, we have carried out magnetotransport mea-
surements with the magnetic field applied perpendicular
to the graphene layer. Fig. 2(d) shows the Hall conduc-
tivity σxy as function of back gate voltage VBG at a fixed
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Figure 4. Activation gap measurements (a) Bulk resistance Rxx of the 4/3 state as function of temperature T together
with a fit of a temperature activated model (see text) at a constant magnetic field of 30 T. The inset illustrates the vanishing
of the bulk resistance dips when increasing T from 300 mK to 20 K . (b) Extracted activation gaps ∆ as function of magnetic
field for the 2/3 and 4/3 fractional quantum Hall states. Dashed lines represent linear fits.
magnetic field of 2.5 T. Even at this low field, the onset
of degeneracy lifting into integer quantum-Hall states is
well visible. This lifting becomes more clearly at higher
magnetic fields as shown by the Landau fan diagram in
Fig. 2(e) which shows a false-color plot of the differential
Hall conductivity dσxy/dν as function of the filling fac-
tor ν and the magnetic field B. The former is given by
ν = (VBG−VCNP)αh/(eB) with VBG being the back gate
voltage and h the Planck constant. The lever arm of the
back gate α = 6.34 × 1010 cm−2/V was extracted from
quantum Hall measurements and is in good agreement
with the value obtained from the parallel plate capacitor
model (CBG/A; see above). The Hall conductivity dis-
plays well-developed integer quantum Hall plateaus and
furthermore reveals clear indications of states at frac-
tional filling factors p/3 even below 8 T, as highlighted
by the dashed lines.
Fractional quantum Hall (FQH) states can be at-
tributed with a composite fermion filling factor ν∗, that
can be related to the integer quantum Hall filling factor
ν by ν = ν∗/(2pν∗±1), where 2p is the vorticity or num-
ber of flux quanta attached to one composite fermion. In
order to study these fractional states in more detail, the
device was further characterized at magnetic fields up to
35 T. Fig. 3(a) shows the four terminal resistance Rxx
(right axis) as well as the Hall conductivity σxy (left axis)
as a function of B (logarithmic scale) at a fixed back gate
voltage of VBG = 3 V and a temperature of 300 mK. First
signatures of the 7/3 state already appear below 3 T and
more clearly pronounced FQH states start to develop at
higher magnetic fields.
Figs. 3(b) and 3(c) show the Hall conductivity σxy
(left axis)and the corresponding longitudinal conductiv-
ity σxx (right axis) as a function of filling factor ν at
B = 35 T. Well developed plateaus at all ν = p/3 frac-
tional filling factors are visible. Moreover, we can identify
all 2-flux CF states (2p = 2), up to ν∗ = 4 ordered sym-
metrically around half filling in σxy as well as in σxx.
Even more, we denote plateaus at ν =5/7 and 4/5 which
can be identified as 4-flux CF states (2p = 4) centered
around ν = 3/4.
These results indicate an outstanding material qual-
ity considering the fact, that a rather simple Si++/SiO2
gate/gate oxide was used instead of the state-of-the-art
graphitic gating approaches, which allow for precise tun-
ing of the sample edge29–32 or omit the edge completely
when using Corbino geometries or electrostatically de-
fined channels33–35.
In order to further quantify the robustness of the ob-
served FQH states, we performed temperature dependent
activation gap measurements for the most pronounced
fractional filling factors ν = 2/3 and ν = 4/3. A set
of back-gate traces was recorded at constant magnetic
fields for a range of temperature steps. An Arrhenius-
like temperature activated model is used to fit the data
where the minimum of Rxx at a given filling factor ν is
assumed to follow Rνxx,min ∝ R exp(−∆ν/2kBT ), where
kB is the Boltzmann constant and ∆ν is the activation
gap. Fig. 4(a) shows a fit of the Rxx minimum at 4/3
filling as a function of temperature between 300 mK and
20 K at B = 30 T; the corresponding resistance traces
are shown in the inset. The extracted results for ∆2/3/kB
and ∆4/3/kB as function of the magnetic field are shown
in Fig. 4(b). The activation gaps increase roughly lin-
early with magnetic field reaching a value of 29 K and
24 K, respectively, at B = 35 T. This behaviour is in good
quantitative agreement with other studies on FQH states
in graphene, where values in the range of 30 K to 60 K
were reported for ∆2/3/kB
12,34 and 16 K for ∆4/3/kB
3.
Assuming the B-field dependence being purely given by
the CF Zeeman energy (reduced by Landau level broad-
ening) following ∆ν =
1
2µBgB+Γν , where µB is the Bohr
magneton and g is the Lande´ g factor, we can interpret
the intercepts Γν as a measure of the disorder-induced
Landau-level broadening. In our device we extract Γ val-
ues between 6 and 8 K, which is in agreement with values
of around 10 K on mechanically exfoliated graphene re-
ported in other studies3,12,34. The extracted values of the
g factor, ranging between 2.7 and 3.4 are roughly a fac-
tor 2 smaller compared to values reported in Refs.12,34.
6Since the g factor is known to strongly depend on the
electron-electron interaction renormalization36 this value
may crucially depend on the electrostatic environment
substantially influenced by the different gating technolo-
gies.
In summary, we have demonstrated the presence of
fractional quantum Hall states in CVD-grown graphene
underlining the high electronic quality of this material
when assembled into heterostructures by a dry transfer
process. Neither CVD growth on Cu substrates, nor the
oxidation of the Cu surface via water intercalation nor
the dry transfer process induce enough disorder to quench
the interaction-driven formation of composite fermions.
Even though using a conventional silicon gate to tune
the carrier density, CF states emerge even at moderate
magnetic fields below 3 T. The full spectrum of 2-flux
states up to ν∗= 4 could be identified at B = 35 T as
well as several 4-flux states underlining the high quality
of the material. The results are unambiguously proving
that the high quality of CVD-grown graphene equals that
of mechanically exfoliated graphene flakes. Therefore, a
new generation of large-area ultra high quality devices
might be achieved using scaleably grown 2D materials
to dry transfer CVD graphene and open the door to a
deeper understanding of the interaction effects driving
the emergence of CF states in graphene.
Note. During preparation of this manuscript, we be-
came aware of a very recent preprint showing indications
of the −1/3 state in transferred CVD graphene37.
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